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1.  INTRODUCTION 
The macroscopic behavior of nanostructured magnetic systems is determined by the 
structure, size and morphology of the constituent materials and by the type and strength 
of magnetic coupling between them. For an assembly of noninteracting single-domain 
ferromagnetic (FM) particles, the magnetic properties mainly depend upon their volume. 
For instance, superparamagnetic single domain-particles embedded in an insulating ma-
trix show blocking behavior when the thermal energy becomes comparable to the energy 
barrier which a supermoment has to overcome for reversal. The barrier is given by the 
anisotropy energy which is proportional to the particle volume (Dormann et al., 1997). 
Interparticle interactions (dipole–dipole or exchange type) compete with the anisotropy 
in determining the orientation of the particle moments. If strong enough, these interac-
tions may turn the sum of individual superparamagnetic relaxation processes into a col-
lective dynamic behavior (Dormann et al., 1998; Sahoo et al., 2002a). Furthermore, at 
suffi ciently high packing densities, viz. at a magnetic volume fraction of about 40%, su-
perferromagnetic features have been revealed (Sahoo et al., 2002b; Chen et al., 2000). It 
is important to mention that in such cases only interparticle interactions have been con-
sidered, while particle–matrix interactions have usually been neglected. 
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Abstract: A granular system consisting of ferromagnetic single-domain Fe particles 
in an antiferromagnetic FeCl2 matrix was prepared by coevaporation in an ultra-high 
vacuum environment. The structural and magnetic properties were investigated by X-
ray diffractometry and superconducting quantum interference device magnetometry, 
respectively. The heterostructure combines the properties of superparamagnetic 
Fe granules and the antiferromagnetism of the FeCl2 matrix. In addition, dipolar 
interaction-induced giant moments are observed below the Néel  temperature of the 
FeCl2 matrix. The thermomagnetic properties of the giant moments are studied. 
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A less explored issue concerns the understanding of the magnetic behavior of systems 
where the nanoparticle–matrix interaction is effective. Most activities have originated from 
the pioneering work of Meiklejohn and Bean who, in 1956, discovered that Co nanoparticles 
embedded in their native oxide CoO possess a unidirectional anisotropy (Meiklejohn and 
Bean, 1956). This results in a shift of the hysteresis loop after fi eld-cooling (FC) to below the 
Néel temperature of CoO. This phenomenon is known as exchange bias. Later on, the phe-
nomenon was observed in many other FM-AF fi ne particle systems and in continuous fi lms 
of sandwiched AF and FM thin layers (Nogués and Schuller, 1999). Recent experiments have 
confi rmed that the spin alignment of the FM spins in these exchange-coupled systems is de-
termined by the direction of the excess spins in the underlying AF layer giving rise to pinning 
of the ferromagnet and, hence, to exchange bias (Nolting et al., 2000). 
On the other hand, retroactivity of the FM nanoparticles on the AF matrix may also be 
expected, if the AF intra-matrix exchange is weak compared to its interaction with the 
embedded FM nanoparticles. Related effects were recently observed (Binek et al., 2002) 
on an FePt/FeCl2 heterostructure, where FeCl2 is an Ising-type AF system whose inter-
layer AF coupling (J′/kB = –0.18 K) is approximately twenty times weaker than the in-
tra-layer FM exchange coupling between Fe2+ ions (J/kB = 3:9K) (Jacobs and Lawrence, 
1967). In this article we present the corresponding granular FeCl2–Fe heterostructure 
which may be considered as a model system to study the retroactivity of Fe granules onto 
the FeCl2 matrix. Apart from direct exchange coupling at the interface of the Fe granules 
and the Fe2+-ions of FeCl2 matrix, the dipolar stray-fi elds of the granules will play a key 
role in determining the magnetic properties of the system. It will be shown that under the 
combined effects of these two mechanisms, giant metamagnetic moments containing Fe 
granules as nucleation cores are observed. Moreover, the giant moment clusters can be 
shown to grow at the expense of the AF regions upon repeated fi eld-cooling. 
2.  SAMPLE PREPARATION 
Molecular beam epitaxy (MBE) allows the growth of high-purity thin fi lms in an ultra-
high vacuum (UHV) environment. The sample investigated in this study was prepared 
by coevaporation of FeCl2 and Fe in a UHV (1 × 10–10 mbar) MBE chamber on a sap-
phire (112¯0) substrate. After rinsing in acetone the substrate was preheated to 600 K for 
1 h in order to degas it and then cooled to and maintained at liquid N2 temperature dur-
ing the evaporation processes. As a result FeCl2 becomes amorphous, which warrants 
tight embedding of the Fe particles during the growth. Upon room temperature anneal-
ing FeCl2 eventually recrystallizes and recovers its original bulk properties (Kleemann 
and Hendel, 1983). The materials were evaporated from three different Knudsen cells, 
while their thicknesses were controlled by calibrated quartz oscillators. The growth rates 
of FeCl2 and Fe were 0.1 and 0.04 nm/s, respectively. The pressure during deposition 
was better than 1 × 10–7 mbar. To ensure that Fe particles are completely embedded in a 
textured FeCl2 matrix, fi rst of all a 200 nm layer of FeCl2 was deposited on the substrate 
followed by coevaporation of FeCl2 and Fe up to a thickness of 500 nm. The sample was 
protected with a 50 nm-thick gold capping layer. In order to avoid the formation of FeAu 
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alloy-like nanoparticles, the gold layer was deposited after completely covering the Fe 
and FeCl2 mixture with a continuous 200 nm-thick layer of FeCl2. 
3.  STRUCTURAL PROPERTIES   
Structural characterization of the fi lm was carried out by ex situ X-ray diffraction (XRD) 
(Philips PW1730) using Cu-Kα radiation (λ = 0.15418 nm). Figure 1 shows a compari-
son of the XRD patterns of FeCl2–Fe fi lm to that of the sapphire (112¯0) substrate. Anal-
ysis of the XRD data by using the rhombohedral unit cell parameters of FeCl2 reveals 
that (112) planes of FeCl2 coincide with (112¯0) planes of the substrate. Indeed, the pres-
ence of narrow and high (112) and (224) FeCl2 lines at the Bragg angles 2θ = 37.83° 
and 80.85° supports (112) textured growth. Simultaneously, (112) and (224) FeCl2 lines 
originating from Cu-Kβ radiation are also observed at 2θ = 34° and 71.4° in the fi lm dif-
fractogram. Furthermore, some tendency (1%) towards (111) orientation of FeCl2 is ob-
served. The analysis suggests polycrystallinity of FeCl2. Using Scherrer’s formula, D = 
0.9λ/βcosθ (Cullity and Stock, 2001), where λ is the wavelength of Cu-Kα radiation, β 
the full width at half maximum intensity of the peak, and θ the diffraction angle, the av-
erage crystalline size D was found to be DFeCl²(112) ≈ 80 nm. 
Analysis of the diffractogram gives only a minor indication of the presence of orient-
ed Fe granules by a Bragg peak at 2θ = 66° referring to (300) planes. A rough estimate 
from Scherrer’s formula yields a diameter DFe(300) ≈ 10 nm (β = 2.5°) immediately af-
ter the fi rst warming up to room temperature (“virgin sample”). Their presence has been 
evidenced more convincingly from the magnetization data as will be shown later. 
FIGURE 1 Comparison of the room temperature XRD pattern of an FeCl2–Fe sample (solid line) to that 
of the sapphire substrate (dotted line) indicating some prominent Bragg peaks.
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4.  MAGNETIC PROPERTIES 
DC-magnetization and ac-susceptibility measurements were performed by use of a 
commercial superconducting quantum interference device (SQUID) magnetometer 
(MPMS-5S, Quantum Design). For measurements of the zero fi eld cooling-fi eld heat-
ing (ZFC-FH) magnetization, mZFC-FH, the sample was cooled from high temperature 
(290 or 360 K) in zero fi eld to 5 K, where a fi eld step is applied and magnetization is 
recorded upon heating. Subsequent cooling in the same fi eld gives rise to fi eld-cooling 
(FC) magnetization, mFC, while thermoremanent magnetization mTRM is recorded dur-
ing the following reheating after switching-off the fi eld. In all measurements the sam-
ple was mounted with the external fi eld oriented parallel to its plane. 
Figure 2a shows the in-and out-of-phase components, χ′ and χ′′, respectively, of the ac-
susceptibility measured on the virgin sample at a frequency f =  20 Hz and an ac amplitude 
μ0Hac =  0.4 mT. While no evidence of any AF features is present in χ′′, a broad maximum 
of χ′ around the anticipated Néel temperature gives a clear indication of the presence of 
FeCl2 in the fi lm. Similarly, a dc-magnetization measurement as shown in Fig. 2b involv-
ing an external magnetic fi eld μ0H =  20 mT confi rms the presence of FeCl2 with a sharp 
peak at TN =  22 K and a rapid drop by ≈ 50% with a minimum at T ≈ 12 K. It should be no-
ticed that TN of our granular fi lm is slightly below the bulk value of 23.7 K. Most remark-
ably, however, is a steep increase at low temperatures, T < 10 K. It reminds us of paramag-
netic loose spins often encountered in disordered antiferromagnets, but probably refers to 
an extra magnetization due to the Fe nanoparticles. Their role becomes clearer when con-
sidering the heterostructure after aging at room temperature during more than three days. 
In order to evidence the presence of the Fe particles in the “aged sample” we uti-
lize the criterion of irreversibility between ZFC-FH and FC magnetizations, mZFC-FH and 
mFC, respectively, at the blocking temperature Tb. We identifi ed it from the mZFC-FH vs 
mFC irreversibility occurring at T ≈ 320 K as shown in the inset to Fig. 3(b). Clearly, 
this high value is incompatible with the XRD analysis on the virgin sample, since it cor-
responds to particles of diameter DFe =  16 nm as calculated from the Arrhenius-Néel-
FIGURE 2 (a) ZFC ac-susceptibility vs temperature at an ac-amplitude μ0H = 0.4 mT and frequency 
f =  20 Hz after few hours of exposure to room temperature. (b) ZFC magnetization vs temperature in-
volving an external fi eld μ0H  =  20 mT after few hours of exposure to room temperature. The arrows 
indicate the Néel temperature TN . 
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Brown blocking ansatz (Neel 1949; Brown 1963), τ =  τ0 exp(KV/kBT), when associating 
an observation time of 100 s to our measurement. Here we have used τ0 =  10–9 s and the 
value of the anisotropy constant K =  5 × 104 Jm–3 for bulk Fe. Obviously, the result hints 
at coarse graining of the Fe granules in the early stage of our experiments which fi nally 
end up at DFe =  16 nm. It is important to mention that all measurements carried out af-
terwards and described by Figs. 3–5 were reproducible.
Measurements of mZFC-FH, mFC, and mTRM involving an external fi eld of μ0H = 10 mT 
have been carried out under different starting conditions. The data shown in the main pan-
el of Fig. 3(a) were obtained by starting in zero fi eld at T =  290 < Tb. In this case, the 
FIGURE 3  (a) mZFC-FH, mFC, and mTRM vs temperature, T, involving an external fi eld μ0H =  10 mT af-
ter ZFC from T =  290 K. The arrows indicate the corresponding Néel temperature, TN ≈ 22 K, and the 
point of infl exion, T1 ≈ 10 K, of mFC. The inset shows 1/ mFC vs T and Curie-Weiss-type fi t (straight 
line). (b) m vs  μ0H loop at T =  50 K. The inset shows the irreversibility between mZFC-FH and mFC 
(open and solid symbols, respectively) taking place at Tb ≈ 320 K.
FIGURE 4  (a) mZFC-FH, mFC, and mTRM  vs T involving an external fi eld μ0H =  10 mT after a demag-
netization procedure at T =  290 K.  (b) dmTRM/dT and dΔm/dT vs T, where Δm =  mFC – mZFC. The in-
set shows Δm and mTRM vs T. 
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sample was in a premagnetized state, since the virgin sample was exposed to a magnet-
ic fi eld of 20 mT during a previous measurement shown in Fig. 2(b) after which these 
data were recorded without exceeding Tb. A similar set of measurements, but after a care-
ful demagnetization procedure at T = 290 K, is shown in Fig. 4(a). In the demagnetization 
procedure, the sample is subjected to saturation in a fi eld of 2 T which is then reduced to 
zero in an alternated cycle (“saturation-reverse-zero”). This procedure produces random 
orientations of the Fe moments and is considered to be equivalent to ZFC from above Tb. 
Drastic changes in the properties of the aged sample are observed in both cases below 
T < 15 K. While the AF features, viz. a peak at the ordering temperature TN ≈ 22 K and 
a Curie-Weiss (CW)-type decrease at T > TN are retained, a pronounced peak at T ≈ 8 K 
appears in mZFC-FH. This low temperature peak at T ≈ 8 K arises due to the poor in-fi eld 
alignment of randomly oriented blocked Fe moments which is partially lifted upon heat-
ing and gives rise to a decay at T > 8 K. Furthermore, a large enhancement in mFC arises 
in the AF regime below T ≈ 15 K. An accelerated increase of mFC below the point of in-
fl exion at T1 ≈ 10 K and saturation tendencies as T → 0 seem to refl ect metamagnetism 
of the FeCl2 environment beyond the spin–fl ip transition (Jacobs and Lawrence 1967) 
which is induced by the fi eld-aligned Fe granules. 
It is remarked that mFC in Fig. 3(a) shows no anomaly at the AF transition, which is 
more clearly seen when plotting 1/mFC vs T (inset Fig. 3a). When fi tted at T > TN to a CW-
law, mFC = (C/(T – θc))μ0H (solid line), it yields θc = 2 K. On the other hand, 1/mFC vs T 
data shown in the inset of Fig. 4(a) when fi tted similarly (solid line) yields θc = –9 K. Ob-
viously in the FC process of Fig. 3(a) starting from a premagnetized state, the blocked Fe 
granules convert a larger surrounding into an FM one by virtue of enhanced dipolar fi eld 
strength. 
Comparison of mFC(T = 5 K) with the saturation moment of the magnetization hystere-
sis at T = 50 K > TN (Fig. 3b) shows that the total moment of the Fe granules is smaller ap-
FIGURE 5  mFC vs T in iterative cooling and heating cycles keeping the applied fi eld constant at μ0H = 
10 mT. The arrow indicates the sequence of cycles. 
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proximately by a factor of three (Fig. 3a) or two (Fig. 4a) in order to explain its magnitude. 
These factors grow up to twelve (Fig. 3a) and seven (Fig. 4a), respectively, when com-
paring the remanence of the Fe granules (Fig. 3b) retained in the weak-fi eld FC process 
with the low-T moments. Their origin, obviously, hints at an enhancement of the FM po-
larization by virtue of the AF matrix. Tentatively, we suggest the enhancement of the FM 
polarization within a model of “dressed” Fe granules (Sahoo et al., 2003). A polarization 
cloud is proposed to originate from FM exchange interaction between the spins of the fi eld 
aligned Fe granules and the effective S = 1 spins of the Fe2+-ions of the AF FeCl2 matrix. 
In Fig. 4(a), it is observed that mTRM obeys the well-known rule of Stoner and 
Wohlfarth (1948) that the remanent magnetization, mTRM(T = 5K) = ms/2, where ms 
= mFC(T = 5K) is the saturation value. Obviously also the “dressed” moments reorient 
onto the fi eld-selected hemisphere in the same way as the bare SW particles are used 
to do (Stoner and Wohlfarth, 1948). Furthermore, mTRM in both Figs. 3(a) and 4(a) de-
cays rapidly to an almost constant value at T > T1, referring to the remanence of the 
bare Fe nanoparticles. Obviously the lacking alignment of the Fe moments causes a 
destabilization of the metamagnetic coating at temperatures way below TN. This is pri-
marily due to the strong dependence of the spin–fl ip transition on the fi eld orientation. 
Further understanding on the stabilization of “dressed” moments can be extracted 
from two very useful quantities: l = dmTRM/dT and m = dΔm/dT, where Δm = mZFC-
FH – mFC. Both l and m exhibit almost similar trends with temperature as displayed in 
Fig. 4(b). When the temperature variation of Δm is compared to that of mTRM (inset to 
Fig. 4b) it is found that they exhibit almost identical behavior at T < T1. Linear extrap-
olations of the low temperature parts of l and m with the T-axis yield points of inter-
sections close to T1. Since m is a measure of the contribution of the polarized AF ma-
trix and mTRM achieves a constant value at T < T1, these features indicate that the AF 
matrix stabilizes the “dressed” moments at T < T1, where the dipolar fi eld exceeds the 
spin–fl ip fi eld of the AF matrix. Thermal disorder above T1 randomizes the FM polar-
ization and mTRM attains the constant value of bare Fe granules. 
Subsequent FC magnetization cycles further corroborate the above conjectured 
growth of the FM granules. To this end we measured mFC in iterative cooling and heat-
ing cycles at constant μ0H = 10 mT within 5 ≤ T ≤ 290 K as shown in Fig. 5. It is seen 
that the FC-magnetization is reproducible down to T = 20 K, below which it shows an 
abrupt increase. In subsequent cycles the slope increases until the magnetization at 5 
K approaches a constant value after the fourth cycle. Since the strength of the stray-
fi eld is proportional to the magnetic moment of the granule, the growth of granules is 
accompanied by increasing the stray-fi elds. On the other hand, a cut-off radius of the 
granules is fi nally determined by thermal disorder. 
5.  CONCLUSION 
In summary, we have studied the structural and magnetic properties of Fe granules embed-
ded in an FeCl2 matrix and have shown that signifi cant variations of their properties occur 
below the AF ordering temperature due to the presence of strong particle-matrix interac-
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tion. We have demonstrated that giant moments of “dressed” Fe granules are formed below 
TN and that they grow in repeated fi eld-cooled cycles. The observations can be explained 
by assuming both exchange and dipolar coupling between the granules and the matrix. 
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